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Introduction
Structural investigations of m etallo p o rp h y rin s focus currently on the conform ational flexibility of the tetrap y rro le macrocycle [2] , This is related to the finding of n o n p lan ar porphyrin conform ations in a variety of p ro tein com plexes, involved in processes like respiration, electron tran sfer and photosynthesis [3] . It has been p ro p o sed th at the different m acrocycle conform ations observed are induced in p o rp hyrin-protein com plexes by in te r actions with the protein scaffold and account for the diverse variety of physicochem ical p ro p erties observed for e.g., hem es and chlorophylls [4] , Initial studies have co n cen trated on the sy n th e sis and ch aracterization of highly substitu ted p o r phyrins which have nonplan ar m acrocycles due to * Reprint requests to Dr. M. O. Senge at FU Berlin. steric interactions of the peripheral substituents [2, 5] . W hile a considerable body of inform ation is available on the structures and conform ations of m etalloporphyrins, the situation is m ore lim ited for m etallohydroporphyrins [6 ] , M ost studies have concentrated on establishing the basic structural principles of chlorins [7] , bacteriochlorins [8 ] , isobacteriochlorins [9] , and related systems [10] , W ith respect to photosynthetic m odel systems, m ost a t tention has focused on establishing the gross chem ical structure and aggregation p ro perties of m agnesium chlorins [1 1 ] and pheophorbides [1 2 ] related to chlorophyll a (1 ) and o th er natural chlorophylls. Structural studies of m etallohydro porphyrins have so far been restricted to Mg [11] , Fe [1, 7 a , b, 9d] , Z n [7c, 8 c, 9c, d] , Pd [9f] and Ni [7 d, e, 8 b, 9 b, 10, 13, 14] complexes. A num ber of studies have addressed the conform ational flexi bility of chlorins by investigating the m acrocycle conform ations of closely related, but chemically different hydroporphyrins. T hese include a series of b acterio p h eo p h o rb id es d and a variety of syn thetic chlorins studied by Fajer et al. [2, 15] . E xam ples of m ultiple conform ations for individual hy droporphyrins, in line with the classic exam ple for m etalloporphyrins -the th ree crystalline m odifi cations found for (2,3,7,8,12,13,17,18-octaethylp- o rp h y rin ato )n ick el(II) [16] -are, however, rare. M ultiple crystal phases have been described for a free base bacteriochlorin [8 a] , b acterio p h eo p h o r bides d [1 , 1 2 b] , an ethane bridged octaethylchlorin dim er [17] , and rhodochlorin dim ethyl ester (2) [18] . C rystal structures have also been p u b lished for N i(II) tetram ethylisobacteriochlorin [19] 
Results

Structural description -chlorins
The m olecular stru ctu re of (rhodochlorinato-15-acetic acid trim ethyl ester)co p p er(II) 3 is shown in Fig. 1 . T he com pound crystallizes in the m o n o clinic space group P 2 ! w ith two crystallographically in d ep en d en t m olecules. Inform ation on the data collection is sum m arized in Table I, selected COzMe CO,Me
Fig. 1. Molecular structure of one of the two indepen dent molecules of 3. Ellipsoids are drawn for 50% occu pancy, hydrogen atoms have been omitted for clarity. (14) 1.360 (7) 1.366 (6) 1.390 (13) (16) 1.366 (7) 1.403 (7) 1.388 (13) (3) 1.379(7) C( 1 )-C (2 ) 1.450 (7) 1.474 (9) 1.420 (17) (4) 125.8 (4) 127.5 (7) 128.3 (7) 128.7 (6) 125.2 (7) -- (4) 127.3 (9) 126.5 (8) 128.4 (6) 125.5 (7) --
127.6(4) 126.0(3) 127.0 (7) 128.3 (7) 127.2 (6) 128.8 (6) --
125.6 (7) 124.6 (7) 126.7 (7) 125.4 (7) -- (4) 127. 6(8) 129. 4(8) 127.9(6) 128.7 (7) -- 5(4) 126.3 (7) 123.1 (7) 125.1 (6) 124.3 (7) -- (4) 106.1 (5) 106.6(10) 105.9(10) 105.4 (7) 105.8 (7) 106.8 (2) 106.8(4) C (16)-N (24)-C (19) 108.3(4) 108.4 (5) 106. 8(8) 108. 4(8) 108.0(8) 107.1(9) 110.5(2) 108.9(4) N (2 1 )-C (l)-C (2 ) 110.7 (5) 108.7 (5) 112.0(9) 112.7 (9) 113.6(9) 110.4 (9) 111.4 (2) 111.4(5) N (2 1 )-C (l)-C (2 0 ) 124.1 (4) 125.0(6) 124.6(11) 123.1(11) 122.4 (7) 126.7(8) 125.6(2) 125.6(5) C (2 )-C (l)-C (2 0 ) 125.1 (4) 126.1 (7) 123. 3(12) 124.1 (11) 124.0(9) 122.8 (9) 123.0(2)
106.7 (4) 108.1(6) 106.5 (11) (11) 122.9 (7) 125.8 (8) (9) 125.7(10) 124.1 (2) 124.8(5) N (2 2 )-C (6 )-C (7 ) 109.7(4) 110.8 (5) 111.1(11) 108.5(10) 112.5 (8) 108.6(8) 107.5 (2) 107.3(5) C (5 )-C (6 )-C (7 ) 124.7 (5) 124.5 (4) 123.3 (10) 126.0(10) 123.1 (9) 125.6(10) 128.3 (2) 127.9(5) C (6 )-C (7 )-C (8 ) 107.0 (5) 107.3 (4) 106.7(10) 108.6 (9) 104.8 (9) 108.6(10) 107.9(2) 107.8(5) C (7 )-C (8 )-C (9 ) 107.0 (5) 107.3 (5) 105.6(10) 105.8 (10) (4) 123.9 (5) 125.1 (11) 126.4(11) 124.9(8) 124.5 (9) 127.6(2) 126.1(5) N (2 3 )-C (ll)-C (1 2 ) 110.1(5) 112.6(4) 111.0(9) 110.9 (9) 112.6 (9) 110.3(10) 110.9(2) 111.2(5) (1 2 ) 124.7(4) 123. 4(6) 123. 6(11) 122.7(11) 122.5(9) 124.9(10) 121.6(2) 122. 2(11) 104.9(11) 104.9(8) 106.6 (9) 106.0 (2) 105.i (5) 107.0(5) 108.3 (4) 108.3 (10) 108.4(10) 108.5 (9) 107.6 (9) 106.8 (2) 107.4(4) N (2 3 )-C (1 4 )-C (1 3 ) 109.1(4) 108 .2(5) 107.9 (9) 109.9 (9) 108.7 (9) 109.6(10) 109.5 (2) 109.5(5) N (2 3 )-C (1 4 )-C (1 5 ) 124.2(2) 124 .2(5) 122. 5(12) 124.3(11) 124.2(8) 123.6 (9) 123.7 (2) 125.9(5) C (1 3 )-C (1 4 )-C (1 5 ) 126.7(5) 127.5 (4) 129.5(10) 125.7(10) 127.1(10) 126.7 (9) 126.8 (2) 124.5(5) C (1 4 )-C (1 5 )-C (1 6 ) 122.8(5) 123.9 (5) 127.1 (10) (1 9 ) 100.2(4) 101.0(6) 98.9(10) 102.3(10) 101.1 (10) 98.2 (9) 108.6(2) 107.7(5) N (2 4 )-C (1 9 )-C (1 8 ) 111.6(4) 110.5 (5) 113.0(11) 110.5(10) 111.7 (7) 111. 6(8) 106.9(2) 108.1(4) N (2 4 )-C (1 9 )-C (2 0 ) 126.2(5) 127. 4(6) 126.4(10) 128.2(10) 124.9(9) 126.5(11) 128.5 (2) 125.0(5) C (1 8 )-C (1 9 )-C (2 0 ) 122.1 (5) 122.1(7) 120. 6(12) 121.3(12) 123.3(9) 121.9(9) 124.5(2) 126.9(5) C (l)-C (2 0 )-C (1 9 ) 126.9(5) 125.5 (7) 124. 6(12) 126.4(12) 127.7(9) 124.5(9) 129.6(2) 127. 2(5) bond lengths and angles are listed in Table II , while atom ic co ordinates and o th er data are given in the su pplem entary m aterial. The com pound shows the (17 S, 18S)-rm/75-arrangement of the substituents at C(17) and C(18) typical for the stereochem istry observed in chlorophyll d eriv a tives [ 1 2 a] and confirm s the structure assigned on the basis of spectroscopic d ata [20] , The chlorin ch aracter is clearly shown by the elongated bond lengths of 1.566 (7) [7] [8] [9] [10] . In m olecule 2 both the bonds to N (23) and N (24) are longer than those to N (21) and N (22) . The tw o in d ependent m olecules of 3 have both distinctly nonplanar m acrocycles (Table III) . The overall degree of m acrocycle distortion is about the sam e in both m olecules with average devia tions from planarity of 0.146 and 0.148 A for the 24 core atom s in m olecules 1 and 2, respectively Fig. 2 shows the deviations of the macrocycle atom s from the plane of the four nitrogens (4N -plane). A s expected for chlorins large deviations from planarity are observed for the reduced ring IV, which shows a typical zig-zag conform ation about the C(16)-to-C (18) axis. H ow ever, signifi cant deviations are observed also in ring III and notably for the m eso-carbons. The distortion of the m eso -carbons is asym m etric. In both m olecules the (Table III) . A gain, the largest angles are observed for ring IV (16.9 and 17.5°) , while ring I is tilted least from th e m ean-plane. Fig. 3 shows an exam ple of the m olecular struc tu re of (3 1,32-didehydro-rhodochlorinato-15-formic acid trim ethyl este r)c o p p e r(II) 4. C om pound 4 crystallizes with four crystallographically in d ep en dent m olecules in the triclinic space group P I . B e sides differences in the m acrocycle conform ation (see below ), the four m olecules show different orientations of the p erip h eral groups. In m ole cules 1, 3, and 4 the e th e r oxygens in the two ester groups at C(13) and C (15) are o rien ted tow ards each other, while in m olecule 2 they are ro tated away from each other. A dditionally, the propionic acid ester group at C(17) shows different confor m ations in all four m olecules and differences are A s observed for 3, the coordination geom etry ab o u t the copper centre in 4 is approx. squareplanar. The averaged C u -N pyrrole distances are 1.994(9), 2.005(9), 2.004(7), and 1.994(8) Ä for m olecules 1 through 4. In com parison, the C u -N red distances are considerably longer in all four m olecules, with values of: 2.021(8), 2.026(7), 2.028 (7), and 2.004(8) A for m olecules 1 to 4 (Table II) . D ue to the lim ited n um ber of collected reflections and the large num ber of p aram eters involved in the refinem ent the precision of the stru ctu re determ ination is limited w ith regard to m acrocycle bond lengths and angles. Q ualitatively, overall sim ilar geom etrical characteristics are found for the m acrocycle p aram eters of both 3 and 4.
In contrast to 3, w here both m acrocycles exhib ited sim ilar conform ations, larger differences are observed for 4. C onform ationally th e four m ole cules can be sep arated in two classes, m olecules 1 and 4 being significantly S4-ruffled and nonplanar, while m olecules 2 and 3 show m ajor deviations from planarity only for the redu ced ring IV (Fig. 4) (Table III) . The S4-ruffling in the two non-planar m olecules is clearly show n by the alternating up and dow n displacem ent of the raeso-carbons and the tilt of the Cb-C b-pyrroles axes. In all four m olecules the displacem ents of the C m-atom s is asym m etric; again, som ew hat larger deviations are observed for the substituted C(15) position. O ver all the conform ation of the two m ore nonplanar m olecules 1 and 4 in 4 resem bles th at found for the tw o indep en d en t m olecules of 3. Individual atom s show how ever significantly larger deviations from planarity. C (17) is displaced by about 0.72 A in both m olecules 1 and 4 of structure 4 (Fig. 4) , while the largest deviations observed in the struc ture of 3 w ere in the o rd er of 0.4 A (Fig. 2) . Table III shows, th at the differences in conform a tion are m irro red by differences in the pyrrole versus 4N -p lan e angles. The average angle in the two m ore no n p lan ar m olecules (1 and 4) is 2 -3 tim es larger than th a t in the m olecules 2 and 3.
Structural description -porphyrins
The m olecular structures of rhodoporphyrin-15-acetic acid trim ethyl ester 5 and rhod o p o rp hyrin dim ethyl ester 6 are given in Figs 5 and 6 , respec tively. A tom ic coordinates are listed in the supple m entary m aterial, while selected bond lengths and angles are listed in Table II . The porphyrin charac ter of both m olecules is well evidenced by the pla narity of ring IV and the sh o rten ed C (1 7 )-C (1 8 ) bond lengths of 1.360(3) and 1.375 (7) A for 5 and 6 , respectively.
C om pound 5 shows som e asym m etry in its macrocycle conform ation (Fig. 7 A ) . W hile the average deviations from planarity are not very large, e.g. 0.082 Ä for the Cb-atom s and 0.05 A for all 24 core m acrocycle atom s (see Table III ), indi- (18) (Fig. 7B ) . M ost notably, no significant differences are observed for the devia tions of the four meso-carbons. The higher devia tions from planarity in 5 are rep resen ted by an average pyrrole versus 4 N -plane angle of 2 .6°, com pared to 1.7° in 6 . B ond lengths and bond angles in b o th 5 and 6 are very similar. The p re s ence of the acetic acid ester residue at C(15) re sults in a larger C a-C m-C a angle [13b, 21] .
Crystal packing
The m olecules of 4 pack in the crystal by fo rm a tion of parallel running stacks which are tilted against each other. A variety of short interm olecular contacts are observed, all involving hydrogen atoms. T hese include contacts of alkyl-hydrogens with carbonyl oxygens (2.4 to 2.6 A ), interaction of vinyl hydrogens with copper centres (3.1 to 3.2 A ), and contacts of side chain atom s to the solvent m olecule (2.8 to 3 Ä ). The m olecules in the asym m etric unit form w eak jr-aggregates, which are characterized by overlap of ring I with ring I. The characteristic geom etrical d ata [6 ] for these aggregates are: C u ( l) -C u ( 2 ) 
Discussion
The overall structural characteristics of the six m olecules observed in the crystal structures of 3 and 4 are com parable to those of o ther hyd ro p o r phyrins and th e ir m etal com plexes [7] [8] [9] [10] [11] [12] . This holds true for results on the square planar m etal coordination a b o u t the copper centre, the n o n planarity in ring IV and a general higher degree of n o n planarity in chlorins w hen com pared to p o r phyrins. Surprising is how ever the finding of S4-ruffling in the two C u(II)chlorin structures. A l though C u (II)porphyrins w ithout steric overload ing have been show n to exhibit some degree of ruffling [22] , a related C u(II) isobacteriochlorin show ed less deviations from planarity than the "p la n a r" form s described here [9e]. Thus, the nonp lan ar conform ations found in both C u(II)chlorins 3 and 4 presen t a striking exam ple of the flexibility in C u(II)hydroporphyrins. The present conform a tions resem ble the situation found for m etal ions like F e(II) [7 a] or N i(II) [7 d ,e , 8 b, 10, 13, 14] which, due to the small ionic radius, have a te n dency to sh o rten the m etal-N bond lengths by in ducing S4-ruffling in the macrocycle [16] . A sim ilar result was found for P d(II) hydroporphyrins [9 f] . The conform ation of [F e(III)tetraphenylchlorin]20 was described as a m ixture of doom ing and S4-ruffling [7 b] . N o S4-ruffling has so far been o b served in crystal structures of M g(II) [11] or Z n (II) [7 c, 8 c, 9 c, d] complexes. A com parable re sult was described by Stolzenberg et al., who found bo th a p lan ar and nonplanar conform ation in the unit cell of (2,2',7,8,12,13,17,18-3-oxochlorinato) 
O verall, the C u -N distances involving the pyrrole rings are com parable to those found for C u (II)p o rp h y rin s [22] . The average C u -N pyrrole b ond distance in the m ore n o n p lan ar co n form a tions of m olecules 1 and 2 in structure 3 and m ole cules 1 and 4 in structure 4 is 1.997 A . com pared to an average value of 2.005 A for the m ore p lanar m olecules 2 and 3 in structure 4. Thus, som e d e gree of bond shortening with increasing m acro cycle distortion is observed. N ote, th at the S4-ruffled tetragonal form of C u (II)T P P which has deviations for the C m-atom s of 0.42 A has a C u -N b ond length of 1.981 (7) In addition. Table III shows that in the m ore pla n ar m olecules there is a tren d tow ards larger core sizes. Thus a correlation betw een core geom etry and m acrocycle conform ation is possible for C u(II)chlorins. The C u-N red bond lengths are slightly sh o rter than those observed in C u (II) dioxoisobacteriochlorin [9c]. Sim ilar results w ere re cently rep o rted for a series of C u(II)chlorophyll, chlorin and porphyrin derivatives on the basis E S R studies [23] .
C u (II)tetrap y rro le structures with a sim ilar d e gree of conform ational distortion are the te tra g o nal form of C u (II)T P P [22 a] and the porphyrin (2,3,7,8,12.13.17,18-octaethyl-5-formyl-10-[2,2-bis-(benzyloxycarbonyl) vinyl]porphyrinato)copper(II) [24] , Porphyrins with nine or m ore p erip h eral sub stituents have been term ed "higly su b stitu te d " [5 a] , and the observed nonplanarity in this com pound is m ainly due to steric interactions of the two bulky raeso-substituents with neighbouring /5-ethyl groups. W hile S heldrick's highly substi tu ted porphyrin [24] show ed significant displace m ents of the C m-atom s and roughly S4-ruffling, related dodecasubstituted porphyrins are eith er p lanar [5 d] or show a saddle conform ation [5c], Since these data clearly show ed the influence of bulky w eso-substituents on the conform ation, we investigated the role of the 15-acetic acid ester in structures 3 and 4 by com paring them to the re lated free-base chlorin 2 [18] , and to the c o rre sponding porphyrins with (5), and w ithout (6) the w eso-substituent.
The two m odifications of rhodochlorin dim ethyl ester 2 [18] show deviations from planarity only in ring IV and I (orthorhom bic m odification) and in general m ore resem ble the less distorted m ole cules 2 and 3 of com pound 4. The average devia tions from planarity observed for 2 are in line with the results observed for the related porphyrin 6 . Thus the m ajor difference in conform ation b e tw een rhodochlorin 2 and rhodoporphyrin 6 (with the distinction of a vinyl group at C(3) in 6 instead of an ethyl group) is the reduction of ring IV lead ing to out-of-plane displacem ent of C (17) and C (18) . Slightly larger deviations are observed for ring I and IV in the C(15) substituted rh o d o p o r phyrin derivative 5, which might be due to packing effects. The o th er notable difference betw een structures 5 and 6 is the larger out-of-plane dis p lacem ent for the substituted C(15) m eso-carbon in 5. In line w ith the published results on sterically strained porphyrins [2, 5, 13, 15, 21, 24] , the larger displacem ent m ust be due to steric interactions of the C(15) acetic acid m ethyl ester with the /3-ester groups at C(13) and C (17) . By inference, the dif ference betw een the Cm-displacem ents noted above for the respective C u(II)chlorins 3 and 4 m ust also be due to steric effects. H ow ever, the m olecular structure of 5 shows clearly that the large ruffling observed in both 3 and m olecules 1 and 4 of 4 can not be explained by the presence of a single w eso-substituent alone. Thus, both re duction at ring IV and the m etal center m ust con trib u te to the observed conform ations.
Less obvious is the reason for the finding of bo th nearly plan ar and buckled conform ations for the C u(II)chlorins. W hile packing forces have been show n to exert influence on the conform a tion [6 , 2 2 b] , the large deviations betw een the two different conform ations described here seem to argue against packing forces as the sole co n trib u to r to the conform ation. H ow ever, due to the m ultitude of interm olecular contacts the influence of packing forces on the conform ation can not be totally excluded. U nfortunately we w ere u n able to crystallize C u(II)rhodochlorin to distin guish betw een the steric effects of the substitu ents and the influence of the C u(II) on the conform ation.
The present results give fu rther evidence for the in h eren t flexibility of the chlorin macrocycle and the different conform ations observed for the m olecules in the two C u(II)rhodochlorin deriva tives 3 and 4 establish the basic structural p rin ciples of sim ple C u(II)chlorins. A com parison with related free base chlorins and porphyrins shows that substituent, crystal packing, and m etal effects to g eth er have to be tak en into account to explain the different conform ations.
Experimental
All com pounds w ere synthesized according to published pro ced u res [2 0 ]. Table I . Intensities were m easu red at 130 K in the range 0 < 2 6 < 55° (52° for 4) using the a»-scan technique. Two standard reflections w ere m easured every 198 reflections and show ed in all cases only statistical variation of th e intensity (< 1.5% ). The intensities w ere corrected for Lorentz, polarization, and absorption effects [26] ; ex tinction was disregarded. The structure o f 4 was solved via P atterso n synthesis followed by subse quent structure expansion [27] , while th e oth er structures w ere solved with direct m eth o d s using the SH E L X T L PL U S program system [27] . Some missing side chain atom s w ere located in subse quent difference maps. The refinem ent was carried out by full-m atrix least-squares on IFI using the sam e program system . The function m inim ized was 2 w (F 0 -F c)2. H ydrogen atom s w ere included at calculated positions and refined by using a ri ding m odel ( C -H 0.96 Ä , N -H 0.9 A ). C alcula tions w ere carried out on a V ax-station 3200. Final R values for the observed data are listed in Table I and additional details are given in the supplem en tary m aterial.
Crystallography
In the refinem ent of structures 3, 5, and 6 all non hydrogen atom s w ere refined with anisotropic therm al param eters. The structure of 6 show ed two singular locations of residual electron density which could not be assigned satisfactorily; finally we assigned this density to two w ater oxygen atom s; no hydrogen atom s w ere included at these atoms. The crystal structure of com pound 4 suffers from bad crystal quality (weak diffraction allow ed only data collection to 2 0max = 52°) and disorder of side chains. D isorder was found m ainly in the propionic acid m ethyl ester side chains at C (17) and could not always be m odeled satisfatorily. This resulted in the observation of high therm al p aram eters for some atoms. 0 (1 3 ) was refined over two split positions with occupancies of 0.6 and 0.4. No hydrogen atom s w ere included at disordered posi tions. D ue to the w eak and lim ited data set only the copper, nitrogen, and the not disordered posi tions of the C(17) side chains w ere refined with anisotropic therm al param eters. The propionic acide side chain was choosen for anisotropic re finem ent due to the librational m ovem ent o b served for some atom s in these groups. B oth copper chlorins 3 and 4 crystallized in noncentrosym m etric space groups. The choice of the noncentrosym m etric space groups P 2 t and P I over the centrosym m etric space groups P 2!/m and P I was subsequently confirm ed by successful refin e m ent in the noncentrosym m etric space groups, the inability to refine the structures after coordinate transfer to the centrosym m etric system and differ ences in the orientation of the side chains. A tom ic coordinate lists and therm al param eters are given in supplem entary m aterial [28] .
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